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with diagnosis and prediction of prognosis:
a scoping review
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Abstract

Background: Stroke is a common medical emergency responsible for significant mortality and disability. Early
identification improves outcomes by promoting access to time-critical treatments such as thrombectomy for large
vessel occlusion (LVO), whilst accurate prognosis could inform many acute management decisions. Surface electroen-
cephalography (EEG) shows promise for stroke identification and outcome prediction, but evaluations have varied in
technology, setting, population and purpose. This scoping review aimed to summarise published literature address-
ing the following questions: 1. Can EEG during acute clinical assessment identify: a) Stroke versus non-stroke mimic
conditions. b) Ischaemic versus haemorrhagic stroke. ¢) Ischaemic stroke due to LVO. 2. Can these states be identified
if EEG is applied <6 h since onset. 3. Does EEG during acute assessment predict clinical recovery following confirmed
stroke.

Methods: We performed a systematic search of five bibliographic databases ending 19/10/2020. Two reviewers
assessed eligibility of articles describing diagnostic and/or prognostic EEG application < 72 h since suspected or con-
firmed stroke.

Results: From 5892 abstracts, 210 full text articles were screened and 39 retained. Studies were small and heteroge-
neous. Amongst 21 reports of diagnostic data, consistent associations were reported between stroke, greater delta
power, reduced alpha/beta power, corresponding ratios and greater brain asymmetry. When reported, the area under
the curve (AUC) was at least good (0.81-1.00). Only one study combined clinical and EEG data (AUC 0.88). There was
little data found describing whether EEG could identify ischaemic versus haemorrhagic stroke. Radiological changes
suggestive of LVO were also associated with increased slow and decreased fast waves. The only study with angio-
graphic proof of LVO reported AUC 0.86 for detection < 24 h since onset. Amongst 26 reports of prognostic data,
increased slow and reduced fast wave EEG changes were associated with future dependency, neurological impair-
ment, mortality and poor cognition, but there was little evidence that EEG enhanced outcome prediction relative

to clinical and/or radiological variables. Only one study focussed solely on patients <6 h since onset for predicting
neurological prognosis post-thrombolysis, with more favourable outcomes associated with greater hemispheric sym-
metry and a greater ratio of fast to slow waves.
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Conclusions: Although studies report important associations with EEG biomarkers, further technological develop-
ment and adequately powered real-world studies are required before recommendations can be made regarding

application during acute stroke assessment.

Keywords: Electroencephalography, Acute stroke, Diagnosis, Prognosis, Large vessel occlusion

Background

Stroke is responsible for a high disability, mortality and
economic burden worldwide. Emergency treatments
can improve outcomes [1, 2], particularly intravenous
thrombolysis and mechanical thrombectomy for selected
patients with ischaemic stroke. These highly time-
sensitive treatments reduce long-term disability when
administered to appropriate patients, but urgent clinical
assessment including brain Computed Tomography (CT)
or Magnetic Resonance Imaging (MRI) must first deter-
mine eligibility. For mechanical thrombectomy, addi-
tional angiography (CTA or MRA) is needed to confirm
the presence of large vessel occlusion (LVO), with subse-
quent transfer of treatable patients if they are not already
at a comprehensive stroke centre [3]. Earlier identifica-
tion of individual patients most likely to benefit from
specific emergency treatments will improve outcomes,
especially if this is possible in the prehospital setting so
that ambulance admissions can be directed to the most
appropriate facility.

Accurate initial identification of stroke patients is com-
plicated by ‘mimic’ conditions that produce the same
symptoms as stroke, such as epileptic seizures, migraine
and infections. A literature review of 79 studies reported
that, despite routine use of symptom checklists like the
Face Arm Speech Test, an average of 27% (range: 4—43%)
prehospital suspected stroke admissions and 10% (range:
1-25%) thrombolysis patients were later re-categorised
as stroke mimics [4]. More complex symptom checklists
have been developed to identify LVO, but these have not
been widely adopted due to the unfavourable balance
between specificity and sensitivity [5, 6]. Point-of-care
tests to distinguish stroke from mimic patients, haem-
orrhagic from ischaemic stroke and/or identify LVO
would allow earlier access to appropriate emergency care.
Although prehospital CT brain imaging in mobile stroke
units has been implemented within highly resourced
healthcare systems [7], there are no other diagnostic
technologies currently available with acceptable accu-
racy [8]. Similarly, portable technologies providing early
information about prognosis could assist clinicians whilst
making a range of acute management decisions, such as
whether treatment of early complications would be likely
to influence recovery or might possibly be futile.

Electroencephalography (EEG) is a non-invasive clini-
cal tool frequently used in hospital-based diagnosis and

management of seizures, but has also been evaluated for
stroke identification and prognostication. An increase in
slow-wave (delta) versus faster (alpha/beta) activity has
long been recognised following a recent stroke, although
the exact mechanism is uncertain [9-11]. Quantitative
EEG (qEEG) has been used as a biomarker to predict out-
comes in ischaemic stroke in acute and sub-acute settings
[12, 13]. Its ability to detect and size lesions [14, 15] sug-
gests that it could be used as a diagnostic tool and a clini-
cal decision aid during treatment decisions. Advances in
qEEG analysis methods and algorithms such as the Brain
Symmetry Index [16], and introduction of portable sys-
tems using a minimal number of electrodes [17, 18], have
increased the practical potential for use in emergency
department (ED) and pre-hospital settings [19]. We
undertook a literature review to describe the use of EEG
during the acute phase of stroke for stratification of unse-
lected patients into important clinical groups, and as an
aid for clinical decision-making through early estimation
of prognosis. A scoping review approach was applied due
to significant heterogeneity in technology and setting in
this emerging field.

Methods

The Preferred Reporting Systems for Systematic Reviews
and Meta-Analyses Extension for Scoping Reviews
(PRISMA-ScR) framework was applied [20].

Aim

The aim was to report evidence describing the capabil-
ity of EEG technologies for stratification (identification
and prognostication) when applied within 72 h of stroke
symptom onset.

Objectives

By classifying and describing clinical studies of EEG
technologies applied soon after stroke symptom onset
(<72 h), we addressed the following questions:

1. Can EEG during acute clinical assessment identify:
a) Stroke versus non-stroke mimic conditions.

b) Ischaemic versus haemorrhagic stroke.
¢) Ischaemic stroke due to LVO.
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2. Can these states be identified if EEG is applied<6 h
of symptom onset.

3. Does EEG during acute assessment predict clinical
recovery following confirmed stroke.

Search strategy

Following exploratory searches, a systematic strategy
combining MeSH/Web of Science categories and key-
words was developed and executed in Ovid (selecting
Medline, Embase and PsycINFO databases), Web of
Science and Scopus databases up until the 19" October
2020 inclusive. Hand searching of reference lists and cita-
tion searches of included studies were undertaken. Only
published peer-reviewed literature was retained, includ-
ing conference abstracts if there was sufficient informa-
tion reported, but case studies were excluded. It was not
necessary to contact the authors of any articles for clarifi-
cation. The search strategies are listed under ‘Supplement
A’ in the Supplementary Material.

Study inclusion criteria

Research studies and review articles, including feasibil-
ity and pilot studies, with abstracts published in Eng-
lish from any country were eligible for inclusion if they
presented original data and appropriate statistical com-
parison describing the application of EEG technology for
stroke identification or prognosis. It was necessary for
the test population to include patients with suspected or
confirmed stroke, where the EEG technique was com-
menced (but not necessarily completed) within 72 h.
Although this time window extended beyond the interval
for delivery of emergency stroke treatments, it enabled
inclusion of information from studies with a range of
onset to EEG times. Studies that focused mainly or solely
on seizures (including prediction of post-stroke epilepsy)
or Transient Ischaemic Attack (TIA) (stroke symptoms
resolved within 24 h) were excluded.

Any EEG-based assessment was permissible, includ-
ing but not limited to: qualitative visual analysis of EEG,
qEEG, continuous EEG monitoring, the Brain Symme-
try Index (BSI) and frequency-specific power measures
such as delta/alpha power ratio (DAR) or (delta+ theta)/
(alpha+beta) power ratio (DTABR). The study setting
could be in hospital or in an ambulance, including situa-
tions where patients were conveyed to a specialist labora-
tory from hospital for EEG recording.

Any diagnostic process was accepted for the stroke
reference standard i.e. MRI/A, CT/A and/or specialist
opinion. Comparisons against mimic conditions and non-
stroke/healthy controls were included when the origin
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of the source data was stated. However, studies were not
included if stroke patient data were being compared only
to standard definitions of ‘healthy/normal’ EEG param-
eters, without description of a reference data source.

Studies examining detection of LVO were included if
there was direct evidence of large artery occlusion (e.g.
CT angiography) or, because not many studies were
expected to use this reference standard, we also consid-
ered studies reporting indirectly associated radiological
features (e.g. large infarct size).

For prognostic studies we included those using any
previously described clinical stroke outcome measure,
or survival/death. For these studies, we reported only the
main outcome of interest as stated by the authors.

Study selection

Duplicate articles were excluded. Two members of the
study team (LSu+ RF) reviewed titles and abstracts and
selected full text articles to confirm inclusion with arbi-
tration by a third reviewer if required (CP and/or LSh).
Templates for review, extraction and quality assessment
can be found under ‘Supplement B’ in the Supplementary
Material.

Data extraction

Data were independently extracted by two reviewers
(LSu and HL), with discrepancies resolved via group
discussion.

A data extraction framework was developed and
piloted by the reviewers before use, which included fields
for: Year of publication, country of origin, study aims,
study design, setting, inclusion/exclusion criteria, EEG
technology, EEG data processing methodology, refer-
ence standard information, outcome measures, blinding,
sample size, time from stroke onset to first EEG meas-
ure, major findings (including statistical significance and
diagnostic accuracy) and whether all patients were repre-
sented in the data with any exclusions explained.

To assess study quality, a simple scoring system (0-5)
was created which reflected the main indicators of
good research design i.e. clear eligibility criteria; clearly
defined technology; clearly defined reference standard
and/or outcome measure; blinding; whether all partici-
pants were accounted for in the results presented. Stud-
ies were not excluded based on quality, but quality and
design were considered during recommendations based
upon strength of evidence.

Data synthesis

As this was a scoping review, there was no a-priori plan
for data meta-analysis and a narrative description is pro-
vided. Data are presented in tables according to reference
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Fig. 1 Flow diagram summarising the process used to identify studies

standard or outcome measure in ascending order of pub-
lication date.

Results

Databases searches identified 7624 articles, with 20 more
from hand-searching relevant review publications. After
removal of duplicates, 5892 abstracts remained. Of these,
5682 abstracts did not meet the inclusion criteria. The
remaining 210 full text articles were assessed (Fig. 1)
and 171 articles were excluded: 24 did not meet study
design criterion, 70 did not meet the participants crite-
rion, 16 did not address the review question, 59 did not
meet multiple criteria, and 2 were republished as another
included study. After full text review, 39 articles were
included for data extraction and quality assessment: 13
reporting diagnostic data only, 18 reporting prognostic
data only and eight articles reporting both.

Included studies

Study designs were diverse. The majority were cohort
(n=24) or case—control (n=14) studies, although very
few specifically used these terms. Only one study [21] was
considered a true diagnostic accuracy study, as the inves-
tigators performing the EEG were blinded to patients’
clinical status and the reference standard was determined
in advance (clinical specialist opinion).

Population

There was a wide geographic distribution of studies:
Eight in China; seven in Australia; five in USA; three each
in Belgium and Cuba; two each in Portugal and Israel and
one each in Germany, Indonesia, Ukraine, Italy, Brazil,
Finland, France and Hungary. Nationality was unclear for
one conference abstract. Apart from one study where the
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setting was unclear, most were conducted in acute care
settings in hospital (two in Emergency Departments; four
in an Intensive Care Unit; seven in a neurology depart-
ment; 10 in a stroke unit and 15 in hospital with no clear
department). No studies were conducted in an ambu-
lance or in the pre-hospital setting.

The median number of patients across the 39 articles
was 33 (range=11-199). Inclusion and exclusion crite-
ria were extremely variable, with some studies requiring
extensive lists of exclusions and others giving limited or
no information beyond a diagnosis of “stroke” Two diag-
nostic studies [22, 23] included TIA as part of the stroke
patient sample, whereas others excluded TIA. Inclusion/
exclusion criteria that appeared frequently are listed in
Supplement C (Table S1) in the Supplementary Material.

Median time from stroke onset to EEG application was
48 h (range =4.5-72 h) when this information was avail-
able. There was only one study where all patients were
within six hours of symptoms onset, which was examin-
ing EEG indicators for recovery of neurological impair-
ment after thrombolysis [24].

EEG techniques

Most studies used quantitative EEG measures as their
stroke biomarkers (7 =230). A smaller number used either
topographic EEG mapping (n=4) or qualitative analysis
of abnormal EEG patterns such as epileptiform activity
based on expert assessment (n=13). Eight studies used
multiple EEG markers. A single study made use of a deep
learning neural network to select optimal diagnostic EEG
conditions [23]. All studies that reported electrode loca-
tions used the international 10/20 system (n=36). Char-
acteristics of EEG techniques commonly specified by
included studies are listed in Supplement C (Table S2) in
the Supplementary Material.

Reference standards and outcome measures

Amongst 21 articles reporting diagnostic information,
the most common reference standard was “specialist
opinion including imaging” (n=11). Five articles used
‘specialist opinion” without providing further detail. Five
articles used CT or MRI, one study used CT and one
study used MRI alone. In 12 studies the reference stand-
ard assessment was performed within 72 h or during the
inpatient stay. In three more, it was additionally recorded
over a longer time-window (up to 118 h), and in six there
was no time reported.

Amongst 26 studies reporting prognostic infor-
mation, the most frequent outcome measure was an
assessment of dependency (n=12) including modi-
fied Rankin Score (mRS), Glasgow Outcome Scale
(GOS), and Barthel Index (BI). Eight studies assessed
neurological outcome using the National Institutes of
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Health Stroke Scale (NIHSS). Smaller numbers of arti-
cles assessed cognitive impairment via the Montreal
Cognitive Assessment (MoCA) or a dementia diagno-
sis (n=4), and survival/mortality (n=2). Most studies
assessed the outcome measure after discharge or more
than 72 h after stroke, at a time point ranging from
seven days to seven years.

Quality of studies

Only two articles showed evidence of a sample size cal-
culation [25, 26]. One other article included a post-hoc
power calculation and ascertained that only some of their
EEG parameters/sub-analyses had adequate statistical
power [15].

Sixteen articles had some evidence of outcome blind-
ing. It was stated that the EEG assessor was blinded to
clinical data in the reference standard for three diagnos-
tic articles, but there was no explicit indication that the
clinician assessing the reference standard was blinded to
EEG data. Eight articles with a prognostic aim reported a
variety of blinding methods: EEG and outcome assessors
blinded (n=5), only EEG assessor blinded (n=3), only
outcome assessor blinded (n=1) and patients blinded
(n=1). For three articles that had both diagnostic and
prognostic aims and any form of blinding, there was evi-
dence that the EEG assessor (or secondary EEG assessor)
or outcome assessor was blinded to clinical data.

There were five articles where it was not possible to
account for all the participants due to unclear text, fig-
ures, or presentation of data representing only individual
patients.

Of the 21 articles with a diagnostic aim, 15 had evi-
dence of a predetermined reference standard including
specialist opinion. Of the 26 articles with a prognos-
tic aim, the outcome measure was clearly defined for
five studies but the majority were unclear as to whether
a measure had been selected before commencing
recruitment.

Study data

1a) Identification of stroke versus non-stroke

Seventeen articles considered whether EEG could distin-
guish stroke from non-stroke; two of which specifically
aimed to distinguish between stroke and TIA. Studies are
summarised in Table 1, grouped by year of publication
and reference standard.

Fifteen articles examined differences between stroke
from healthy controls, or an identified healthy control
dataset, and two compared stroke with stroke mimic
conditions [22, 23]. Median article quality score was
3 (range 2-5), but even higher quality reports included
only modest numbers of patients (e.g. ischaemic stroke
cases ranged from 6-65 patients).
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Twelve articles used absolute or relative power ratio
computation as a qEEG biomarker. Greater delta power
alone could differentiate between stroke and con-
trol in 11 articles [12, 21, 25, 27, 29-33, 36, 37]. Less
alpha power was associated with stroke in six articles
[21, 23, 29, 30, 32, 33]. Less beta activity was associated
with stroke versus non stroke in three articles [21, 29,
33]. In one article [23], stroke was associated with less
high-beta (20.5-28 Hz) but greater low-beta frequen-
cies (12.5-16 Hz). Increased theta power could identify
stroke in three articles [32, 33, 37] but this was in the
reverse direction for two others [21, 25].

Stroke was associated with a greater Delta:Alpha
Ratio (DAR) in six articles [25, 29-31, 33, 35] greater
Delta: Theta Ratio (DTR) in one article [25], and greater
Delta:Theta:Alpha:Beta Ratio (DTABR) in three arti-
cles [30, 31, 33] but two articles reported that none of
these EEG indices were useful [22, 26]. One article [29]
showed that stroke was associated with greater Power
Ratio Index (PRI) than control patients, indicating a rel-
ative increase in ‘slow’ (delta + theta) activity compared
with ‘fast’ (alpha + beta) activity. Five articles used indi-
ces of brainwave symmetry between hemispheres, such
as the Brain Symmetry Index (BSI) [26, 28, 30, 31, 34].
In all but one [30], greater asymmetry was shown for
stroke vs control.

Amongst eight articles that calculated any summary
indicator of diagnostic accuracy, performance was
generally good or high [21, 23, 28, 31, 33, 35-37]. Two
articles in particular displayed very high accuracy for
individual EEG frequency bands but were not in com-
plete agreement [21, 33]. Within 24 h of symptom onset,
Finnigan (2016) [33] reported ischaemic stroke (n=18)
could be detected by greater delta (AUC 0.99) and theta
(AUC 0.81) activity, but less alpha (AUC 0.97) and beta
(AUC 0.90) compared with control patients (n=28).
However, although Rogers (2019) [21] also reported
accurate prediction by greater delta activity (AUC 0.87)
within 72 h onset, there was no difference between
stroke (n=10) and controls (n=10) for alpha and beta,
and controls had greater theta activity (AUC 0.93).
Finnigan (2016) [33] also reported very high AUC from
higher DAR (AUC 1.0) and DTABR (AUC 0.99). Subse-
quent analysis confirmed that the DAR result could be
replicated by using just two frontal electrodes (AUC
0.99) [35]. A more recent article used deep learning net-
work-based modelling of clinical information and EEG
data from electrode pairs selected by lasso regression
within 24 h of symptom onset, and showed the AUC was
higher (0.88) than could be achieved by standard analy-
sis of clinical and/or EEG data [23], with slower frequen-
cies in stroke (n=>50) and TIA patients (n=13) versus
control (n=237).
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For two articles also aiming to distinguish stroke from
TIA, median quality score was 4 (range 3-5), with small
numbers of participants. One article [21] distinguished
between stroke and TIA (as well as control) with high
diagnostic accuracy using evoked potentials and spec-
tral power across all bands, with greater delta, less alpha
and less beta in stroke versus TIA. The other [26] distin-
guished stroke from TIA using a modified BSI but did
not find any difference in slow:fast wave ratios.

1b) Identification of ischaemic versus haemorrhagic stroke
Only two studies considered differences between ischae-
mic and haemorrhagic stroke aetiologies, with differ-
ing methodologies and results. Studies are summarised
in Table 2, grouped by year of publication and reference
standard.

Both studies were of medium quality (median score
3.5, range 3—4). One was an examination of post-stroke
seizures during EEG monitoring and found a higher inci-
dence of these was predictive of haemorrhagic stroke
[38]; extrapolated specificity was high but sensitivity
low. The other used relative spectral power methods and
found differences in global frequencies (i.e. a more abrupt
decrease of higher frequencies in haemorrhage), but did
not find any useful diagnostic value in ratios such as PRI
or DAR [29].

1¢) Identification of ischaemic stroke due to anterior large
vessel occlusion

Five studies reported whether EEG data was associated
with direct (angiographic; n=1) or indirect (infarct vol-
ume; n=4) radiological evidence that LVO was likely to
be responsible for ischaemic stroke. Studies are summa-
rised in Table 3, grouped by year of publication and refer-
ence standard.

The quality of these studies was mixed, with a median
score of 3 (range 2—4). Four reported that relative spec-
tral power detected large infarct volume (more common
in LVO), either by identifying areas of increased slower-
waves (delta [12, 22] and theta [23]) and/or decreased
fast-waves (beta 